INTRODUCTION
Statins, hydroxy-methyl-glutaryl-CoA (HMG-CoA) reductase inhibitors, are widely used to lower cholesterol and prevent cardiovascular disease [1, 2] . As diabetes is characterized by high cardiovascular risk, international guidelines recommend that most diabetic patients should receive statin therapy [3] [4] [5] . Statins effectively reduce cardiovascular morbidity and mortality in patients with diabetes [6] , but epidemiological studies suggest they increase the risk of developing diabetes in healthy individuals [7] [8] [9] [10] and may worsen glycemia in diabetic patients [11] .
Pathophysiologic studies in humans indicate that statins may affect both insulin sensitivity and insulin secretion [12] . In vitro studies show that statins impair insulin secretion by affecting multiple pathways [13] , including cellular cholesterol synthesis, membrane fluidity, and isoprenylation of proteins [14] . Though their cardiovascular benefit exceeds the diabetes hazard [15] , the mechanisms whereby statins accelerate the onset of diabetes remain unclear, and whether statins truly exert any action on insulin secretion is debated [16, 17] . This is in part because cellular models used to explore this phenomenon, either cell lines [13, 14] or pooled islets [14] , are non-physiologic and lack clinical transferability. Cell lines may behave differently from mature beta cells or have incomplete glucose sensor or insulin secretion machinery, whereas pooled islet cultures are poorly suitable to provide information on dynamic insulin secretion because islet response may be heterogeneous and asynchronous.
A single islet is the minimum fully functional unit of the endocrine pancreas. A precise understanding of islet response to exogenous stimuli is better captured in vitro at the single-islet level, devoid of complex and not fully understood islet-islet interactions.
Microfluidics is a technology suitable for cell culture at micrometer scale. Because a single islet has an approximate size of 50-500 lm, it is particularly suitable for microfluidic culture.
Accordingly, a number of microfluidic devices have been developed for understanding single islet behavior, as recently reviewed [18] . However the advantages of microfluidic technology go well beyond the size of these devices [19] . For example, Benninger et al. used a microfluidic device to generate precise glucose concentration gradients in a single islet microenvironment to study cell-cell gap junctions in the regulation of coordinated insulin release [20] . Microfluidic devices favor the accumulation of endogenously secreted factors and were previously used to detect islet amyloid polypeptide secretion from as few as ten islets [21] and glucose flux in live myoblasts [22] , besides insulin [23] .
Here, we study the effects of simvastatin on insulin secretion from single murine islets. A microfluidic system able to temporally control the single-islet soluble microenvironment is presented. The setup has been technically and biologically validated, before analyzing simvastatin action on intact isolated islets.
METHODS

Microfluidic Setup
The setup was produced by standard photo-and soft-lithographic techniques. Details on the fabrication of the islet culture and the multi-inlet chips are given in the Electronic Supplementary Material (ESM).
Animals and Pancreatic Islet Extraction and Preparation
The protocol followed the Guide for the Care and Use of Laboratory Animals, eighth edition (2011) (http://grants.nih.gov/grants/ olaw/guide-for-the-care-and-use-of-laboratoryanimals.pdf), and was compliant with local and national laws. For murine islet isolation, we optimized a previously described protocol [24] . Details are given in the ESM.
Microfluidic System Running Conditions
The multi-inlet microfluidic system was connected to medium vials of different compositions. Details are given in ESM. This system allowed switching between up to nine different medium compositions by remotely controlling valve opening and closing. The complete system is displayed in Fig. 1 . [25] and Pluronic F-127 (0.1% w/v) (Sigma-Aldrich).
Confocal Imaging
Fluorophores were excited by light from a 460-nm LED (M470L2, Thorlabs) passing through a T510LPXR filter (Olympus) and directed onto the sample through a full mirror Image sequences of fluorescence were acquired continuously at three frames per second with 100 ms exposure time. Fig. 1 Microfluidic setup design and validation. a Full setup for single islet microscopy observation under controlled dynamic biochemical stimulation. A multi-inlet microfluidic chip contains a system of pneumatic valves that are used to temporally control the medium composition entering the islet culture chamber. The pneumatic valve system is actuated by means of electrovalves (not shown) and is responsible for each valve opening and closing according to the mechanism shown in c: pressurizing the control channel prevents medium flow through the flow channel. A single islet is placed in each channel of the islet culture microfluidic chip, where it is precisely positioned because of the presence of a mechanical trap that stops its flow along the channel, as shown in c. The islet culture microfluidic chip is a transparent device that is put under the microscope for online observation. Once the specific valve is open, medium flows through the channel because it is contained in a pressurized vial; to accurately control its flow rate, a syringe pump working in aspiration is placed downstream of the culture system. d The system described in a-c makes possible the biochemical stimulation of a single-islet with temporal accuracy of seconds. Medium composition is changed over time with minimal external perturbation. e Validation of the dynamic input system using medium with and without fluorescein. The theoretical curve (red) is compared with the actual medium fluorescence (green) detected in the region of interest (ROI) indicated. A delay of approximately 50 s was obtained because of the distance between the valve system and the ROI
Two-Photon Imaging
Two-photon acquisitions were performed with a modular multiphoton microscope (Bergamo II, Thorlabs) equipped with an 8-kHz resonant scanner, extended-field-of-view collection optics, four independent detection channels in the backward direction, and laser-scanned Dodt contrast in the forward direction. The microscope was coupled to two synchronized pulsed laser beams generated by a Ti:sapphire pump laser (Chameleon Ultra 2, Coherent) and an optical parametric oscillator (Camelion Compact OPO). Two-photon microscopy at 800 nm excitation was used to visualize the intracellular calcium (Fluo-4, green), nuclei (Hoechst 33342, blue), and islet structure simultaneously (transmitted light, gray).
Data Analysis
The analysis software, developed in-house in 
Compliance with Ethics Guidelines
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Institute of Molecular Medicine approved the study. The protocol followed the Guide for the Care and Use of Laboratory Animals, eighth edition (2011) (http://grants.nih.gov/grants/ olaw/guide-for-the-care-and-use-of-laboratoryanimals.pdf). All institutional and national guidelines for the care and use of laboratory animals were followed.
RESULTS
Microfluidic Single-Islet Culture Setup
The precise dynamic perturbation of a single-islet environment with the online measurement of its response is prevented in conventional culture systems, but can be robustly achieved using microfluidic devices.
To this aim, we designed a microfluidic system where a single islet can be trapped without mechanical damage in a defined position, dynamically stimulated with media of multiple compositions, and contemporarily observed under a microscope (Fig. 1a-c) . Each islet was cultured under constant flow perfusion, a condition that better mimics the highly vascularized environment where islets reside in vivo.
The microfluidic device includes an integrated pneumatic valve system (Fig. 1b) that is remotely controlled and enables switching the medium entering the culture chamber in few seconds, while minimizing other culture perturbations (Fig. 1d) . The time required for the new medium to reach the islet position within the channel was estimated using buffer with or without fluorescein. At the 2 ll/min flow rate used in all the experiments, there was an approximate 50 s lag between the medium valve switch and medium change at the islet position (Fig. 1e) .
The size and transparency of the microfluidic device make possible the online microscopic observation of the islet response. Overall, the described setup provides maximal information in terms of the spatial and temporal resolution of the collected data.
Biological Validation of the Microfluidic Device
The canonical glucose-stimulated insulin concentration and triggering the exocytosis of insulin [28] .
To interrogate islet behavior via microscopy, we used multiple fluorescent dyes probing cell viability and specific steps of GSIS pathway. We added to the flowing culture media PE-labeled Annexin V, a fluorophore for detecting early apoptosis. We also loaded the islets, prior to their insertion into the device, with dyes enabling the detection of the intracellular Ca 2? concentration (Fluo-4 or Fura Red) and cell membrane potential (Vf2.1Cl). We used both confocal and two-photon microscopy.
After each islet insertion into the device, we always observed its morphology to verify the integrity of the external membrane ( Fig. 2a, oscillations under high-glucose stimulation (Fig. 2c, d ).
To verify that the microfluidic system did not impair islet functional response, we perfused the islets with high-glucose medium (11 mM), which is stimulatory for insulin secretion. We used islets from mutant mice that express GFP under the insulin promoter in order to identify the b-cells within the islet. In Fig. 3a , we show persistent oscillations of the intracellular Ca 2? at 11 mM. As expected, the oscillations were restricted to b-cells and were not an artifact of the culture system or method of analysis. Moreover, b-cells within the same islet showed a properly synchronized response (Fig. 3b) .
To verify islet structural integrity also in terms of cell-cell electrical coupling, we then loaded the islets with Vf2.1Cl, a voltage-sensitive fluorescent dye, and performed imaging at high speed. Under high-glucose conditions, we were able to observe the spatial propagation of membrane potential waves throughout the islet ( Fig. 3c ; Online Video 2), as previously reported [29] .
As a last verification of functionality, we loaded the islets with probes for detection of both membrane potential and intracellular Ca 2? . Imaging at high speed, we observed the two waves propagating at the same frequency, but with a small delay of intracellular Ca 2? compared to membrane voltage ( Fig. 3e, f; Video 3). This result is consistent with Ca 2?
regulation occurring along the pathway of We analyzed single-islet response both upon switching between non-stimulatory (3 mM) and stimulatory (11 mM) glucose concentrations and in the presence of tolbutamide, an ATP-sensitive K ? -channel blocker that induces insulin secretion even at non-stimulatory glucose concentrations [31] . As expected, tolbutamide produced a sudden increase of insulin secretion ( Fig. 4a ; Online Video 4) and of intracellular Ca 2? concentration (Fig. 4b) .
Altogether, these data demonstrate islet functionality within the microfluidic system, validate the detection method for analyzing single islets with high spatio-temporal resolution in response to stimulations, and give a demonstration of the high potential of this system for performing accurate dynamic studies.
Effects of Simvastatin on Insulin Secretion
In a previous study on MIN - We used our validated microfluidic system to analyze short-term effects of simvastatin on the insulin secretion pathway using intact single After testing different concentrations of simvastatin from 1 to 10 lM (data not shown), we used a 1 lM concentration in all experiments, as the lowest concentration of drug that elicited an effect on islet function. We then analyzed the ability of simvastatin to modify insulin secretion by single islets in microfluidics. As shown in Fig. 5a and Online Video 5, simvastatin rapidly blocked insulin secretion even in the presence of a stimulatory glucose concentration (11 mM). The same inhibitory effect on secretion was observed independently of the sequence in which stimuli were applied (Fig. 5a, b) . Such a rapid and reversible effect of simvastatin on single islets has never been shown before and was detected taking advantage of the small-scale transparent dynamic setup we developed.
To compare our data to those previously obtained with MIN-6 cells, we coupled the measurement of insulin secretion with that of (Fig. 6b) . Similarly, islet treatment with simvastatin, prior to addition of tolbutamide, did not prevent the rise in cytosolic Ca 2? concentration and insulin secretion (Fig. 6c) .
DISCUSSION
In this study, we developed and validated a microfluidic platform optimized for functional analysis of single pancreatic islets by live confocal and two-photon imaging. Microfluidic systems are increasingly used to study physiological phenomena in vitro, with several advantages [32, 33] . The possibility to analyze a single islet, the fundamental unit of endocrine pancreas, preserves intercellular [34] . Furthermore, primary islets can be quickly isolated and immediately used for imaging, whereas b-cell lines are difficult to maintain in culture (Table 1) .
Using biosynthesis on a 24-h time scale [14] . Shorter time effects of simvastatin on the GSIS pathway have only been demonstrated in vitro using a Here, we extended the results previously obtained with MIN-6 cells to single, freshly isolated murine islets. While Yaluri et al. [13] found that simvastatin affects Ca 2? regulation, in our results single islet cytosolic Ca 2? is not perturbed by simvastatin. Moreover, for the first time, we were able to demonstrate that simvastatin affects insulin secretion of single islets, a result previously shown only by pooling more islets together, a less physiological model because of the in vivo islet-islet coordination [37] , and analyzing insulin secretion only on much longer time scales. The rapidity of the simvastatin effect on insulin secretion suggests its involvement in regulatory mechanisms other than cholesterol biosynthesis and post-translational modifications, which require more time to occur.
Ultimately, we showed that single islets respond to simvastatin acutely and reversibly, blocking the normal insulin secretion induced by high glucose. As there is no effect of simvastatin on Ca 
